Abstract: Lumacaftor-ivacaftor is a combination of two small molecule therapies targeting the basic defect in cystic fibrosis (CF) at a cellular level. It is a precision medicine and its effects are specific to individuals with two copies of the p.Phe508del gene mutation. The drug combination works by restoring functioning CF transmembrane conductance regulator (CFTR) protein in cell surface membranes and was the first CFTR modulator licensed for the homozygous p.Phe508del genotype. The drug is a combination of a CFTR corrector and potentiator. Lumacaftor, the corrector, works by increasing the trafficking of CFTR proteins to the outer cell membrane. Ivacaftor, the potentiator, works by enabling the opening of what would otherwise be a dysfunctional chloride channel. In vivo lumacaftor-ivacaftor improves Phe508del-CFTR activity in airways, sweat ducts and intestine to approximately 10-20% of normal CFTR function with greater reductions in sweat chloride levels in children versus adults. Its use results in a modest improvement in lung function and a decreased rate of subsequent decline. Perhaps more importantly, those treated report increased levels of well-being and their rate of respiratory exacerbations is significantly improved. This review traces the development and use of this combination of CFTR modulators, the first licensed drug for treating the homozygous p.Phe508del CF genotype at the intracellular level by correcting the protein defect.
Introduction
Cystic Fibrosis (CF) is an autosomal recessive disease caused by mutations in a gene on the long arm of chromosome 7 that encodes for the CF transmembrane conductance regulator (CFTR) protein. This protein is a cyclic adenosine monophosphate-regulated channel that facilitates the passive movement of chloride ions across the surface membranes of epithelial cells according to concentration gradients. It might also have important interactions with adjacent sodium channels and the movement of bicarbonate, but these interactions are incompletely understood. It is extraordinary that the loss of function of this protein channel results in such a severe life-shortening disease.
The cystic fibrosis clinical phenotype
The most important complication for the vast majority of CF sufferers is a predilection to respiratory infection and particularly with the bacteria Pseudomonas aeruginosa that results in progressive lung damage, irreversible respiratory failure and early mortality. 1 present at birth with intestinal obstruction due to the retention of abnormally viscid meconium throughout their bowel. Recurrent intestinal symptoms are common amongst all patients and typically are increasingly problematic in adult life. The vast majority of patients, and in particular those with gene mutations that result in little or no residual CFTR function, are pancreatic insufficient. Such patients need to take pancreatic enzyme supplements before meals to compensate for their loss of exocrine function and are at risk of significant malnutrition including deficiencies of fat-soluble vitamins. Many go on to also suffer a loss of pancreatic endocrine function and develop diabetes mellitus for which they have to take insulin. Elevation of liver enzymes is common but small numbers of CF sufferers additionally go on to develop a focal biliary cirrhosis that can result in portal hypertension, variceal bleeding and eventually hepatic decompensation. Male CF sufferers are invariably sterile. The sweat glands of CF patients produce sweat with a markedly increased salt concentration. Whilst measuring this is a useful diagnostic confirmatory test of the functional abnormality of CFTR, in hot weather, excessive salt loss can result in metabolic decompensation and heat prostration.
The CF gene and CFTR gene therapy
The gene abnormality causing CF was discovered in 1985 4 and its 1480 amino acid sequence was determined 4 years later in 1989. [5] [6] [7] The three base pair deletion known as p.Phe508del was also identified shortly thereafter and elucidated how gene mutations of this protein were disease-causing. The p. Phe508del mutation has since been characterized as the most common and particularly amongst Caucasian populations. Fifty percent of UK CF patients are homozygous for this gene defect and approximately 40% are compound heterozygotes for p.Phe508del plus a second disease-causing mutation. 8 Since the discovery of the CFTR gene, 1900 sequence variations have been reported. 9 A huge research effort has lead to a detailed understanding of a small percentage of these which account for the most common diseasecausing variants. The functional consequences of many of the less common sequence variations are either unknown or might be associated with so-called CFTR-related disorders such as pancreatitis and congenital absence of the vas deferens. The breakthrough understanding about how CFTR mutations were disease-causing led to early hope for the prospect of gene therapy as a CF treatment modality. Research over subsequent years in the US and the UK resulted in a double-blind randomized controlled trial conducted by the Cystic Fibrosis Gene Therapy Consortium sponsored by the CF Trust in the UK. In this study, the CF gene was delivered directly to the airway by nebulizer. 10 The study established the potential and proof of principle for this treatment approach, but clinical benefits were small compared to the placebo group. Future research collaborations are investigating the potential for modified lentivirus gene delivery to the airway which has the potential to restore gene transcription in the basal cells of the respiratory epithelium and thus obviate the need for repeat dosing. 11 Although the research focus was initially on patients with the most common gene mutation, the first major discovery using this approach was a compound that worked as a potentiator. This molecule, ivacaftor, proved highly effective in restoring the function of CFTR proteins with so-called gating defects. 13, 14 Gene mutations resulting in gating defects make CFTR proteins that are effectively transported to the outer cell membrane, but their ion channel is blocked. Ivacaftor is able to "wedge open" the channel and restore CFTR function. The most common CFTR gating mutation is called p. Gly551Asp. The prevalence of this mutation varies between countries, but approximately 5% of the UK CF population is heterozygous for this defect and this is the second most common gene defect after p.Phe508del. 8 There are many other gating defects and ivacaftor is similarly effective across this mutation class. 15 Ivacaftor has also been shown to be of benefit in adults with the R117H residual function mutation who tend to have less severe disease during childhood. 16 To treat p.Phe508del patients, researchers needed to discover an additional "corrector" compound. Using ivacaftor alone to treat patients homozygous for the p. Phe508del mutation was shown to be ineffective. 17 An additional molecule was needed to correct the shape of misfolded p.Phe508del CFTR proteins thus helping them to reach the cell membranes where they could be further improved through the secondary effect of ivacaftor correction of their additional gating defect ( Figure 1 ). The first corrector drug discovered for p.Phe508del patients was lumacaftor. It is in current use in combination with ivacaftor and is licensed as the lumacaftor-ivacaftor drug combination Orkambi. The safety and effectiveness of the drug has been evaluated through global studies conducted through the CF Therapeutics Development Network and it is currently licensed by the FDA for use in children down to the age of two years. 18, 19 There are ongoing studies evaluating its efficacy in infants to determine whether it might prevent early CF complications including the development of pancreatic insufficiency which invariably occurs in p. Phe508del homozygote patients.
Lumacaftor-ivacaftor key studies
The key trials leading to market authorization for the use of lumacaftor-ivacaftor were two Phase III multinational, doubleblind, placebo-controlled studies published in 2015 called TRAFFIC and TRANSPORT. 18 The studies were included in a recent Cochrane review of CFTR correctors for Class II mutations. 20 The studies demonstrated similar efficacy for Lumacaftor 600 mg once daily and 400 mg twice daily used in combination with ivacaftor 250 mg twice daily and the primary outcome measure of significant improvement in percent predicted forced expiratory volume in 1 second (FEV1%) was achieved. The marketed formulation included the twice daily dosing regimen of lumacaftor for simplicity of use given that the ivacaftor component of the drug combination had to be given twice daily to be optimally effective.
More recently, a formulation of deuterated ivacaftor has been developed. 21 The deuteration of small molecules, whereby one or more of their hydrogen atoms are replaced by the heavier, more stable isotope deuterium, results in significantly lower rates of metabolism and therefore a longer half-life. This opens up the possibility of lumacaftor-ivacaftor being relaunched as a once-daily treatment which might result in better adherence to treatment over the long term.
The Phase III studies reported a modest, but highly significant (P<0.001) mean absolute improvement in FEV1% of 2.6-4.0% compared to placebo at 24 weeks. The study thus achieved its primary outcome measure albeit with a mean improvement in lung function that was less than the generally accepted minimally important clinical difference of 5% (Figure 2) . 18 Perhaps more importantly, the rate of pulmonary exacerbations was 30-39% lower in the lumacaftor-ivacaftor groups compared with placebo ( Figure 3 ) and it has been subsequently shown in a post hoc analysis that such benefits occurred irrespective of whether there were initial improvements in lung function. 22 This is a particularly important finding given the increasing realization about the importance of pulmonary exacerbations in causing long-term lung function decline and poor respiratory health. 23 The study was followed by a 96-week open-label trial extension called PROGRESS. 19 In this study, an attempt was made to compare long-term outcomes with the natural history of lung function decline in untreated patients with the same genotype using CF foundation USregistry-matched controls. The study reported a 42% slower rate of FEV1% decline over the 96-week study period in support of sustained long-term benefits from treatment. However, these data were subject to several confounders. These included the possibility of systematic differences between the participants in this clinical trial compared to those who were not recruited, the calculation of each individual's rate of decline being based on differing observation periods and the use of US control data that might not be comparable to that of other countries in which the open- DovePress label extension period took place. Quality of life, as measured using the CFQ-R respiratory domain score, was significantly improved by 4.1 points from baseline after 24 weeks of treatment in the TRAFFIC and TRANSPORT studies. This change was above the 4 points cutoff for a minimal clinically important difference from baseline for assessing interventions in stable patients. 24 However, the between-group difference from baseline compared to placebo, although significant, was only 2.2. The trend toward improved CFQ-R scores was sustained in the open trial extension period but improvements were not significant in those who had transitioned from the placebo arm of the controlled trial period. Nutritional indices were also significantly improved and benefits were sustained across the double-blind and open-label trial periods. Lumacaftor-ivacaftor treatment for adults heterozygous for the p.Phe508del mutation has shown a modest restitution of CFTR function with an 11 mmol/L difference in sweat chloride levels from placebo after 56 days treatment. However, despite significant between-group minimal clinically important differences in mean CFQ-R scores of 6.5, there was no effect on the primary outcome measure FEV1%. 25 The above studies were carried out in patients aged 12 years and above. Subsequent to this, an open label 24-week study in children aged 6-11 years reported that lumacaftorivacaftor was well tolerated with a similar safety profile to that seen in adults. 26 There were no significant changes in spirometry, which was perhaps expected given the relatively wellpreserved mean FEV1% of 91.4 in the study cohort as is typical for CF children in this age group. The study did however show significant improvements in lung clearance index, a lung function measure perhaps more indicative of more subtle changes in small airways disease which are less easily identified with spirometry. This lead the way for a subsequent double-blind, randomized controlled study in a similarly aged study cohort which demonstrated statistically significant improvements in lung clearance index, the studies primary outcome measure, as well as FEV1% when compared with placebo over a 24-week study period. 27 Similar to the adult trials, CFQ-R scores were significantly improved (5.5 versus 3.0) but the treatment difference versus placebo was only 2.5 and thus below that of a minimal clinically important difference.
In both these studies, there were significant improvements in sweat chloride levels of around 20 mmol/L which were greater than the improvements seen in a Phase II doseranging study of adults in which improvements in sweat chloride were around 10 mmol/L. 28 These improvements were similar to those reported in a post-market authorization study including adults and children aged >12 years in which sweat chloride levels improved by a mean of 17.8 mmol/L after 8-16 weeks treatment. 29 Taken together, these studies suggest perhaps greater efficacy in children versus adults in relation to the level of CFTR correction. More recently, Vertex funded a 24-week open-label study assessing the safety, tolerability and pharmacokinetics of lumacaftor-ivacaftor in children aged 2-5 years. 2, 30 The drug was generally well tolerated in this age group although 3 out of 60 patients discontinued lumacaftor/ivacaftor because of significant elevations in liver enzymes. Such elevations in liver enzymes have occasionally limited the use of this drug in clinical practice in all age groups and important safety information advises about the need to monitor for such adverse reactions. The results of ongoing studies are awaited into the use of lumacaftor-ivacaftor in 1-2-year-olds. Such early use of these treatments offers the greater potential for the prevention of CF-related complications and in particular the development of bronchiectasis. Whether the early use of lumacaftor-ivacaftor will significantly impact on the occurrence of pancreatic damage and pancreatic insufficiency as has occurred with the early use of ivacaftor is as yet unknown. 31 In contrast to patients with a gating mutation, patients homozygous for the p.Phe508del genotype typically have more rapid onset of pancreatic failure. Lumacaftor-ivacaftor is less effective for p.Phe508del homozygotes than ivacaftor is for patients with G551D and other gating mutations. Whilst early use of lumacaftor-ivacaftor might lead to a reduction in the doses of enzymes needed to correct malabsorption, the effects are likely to be less than that achieved with ivacaftor for gating mutations.
Lumacaftor-ivacaftor has been studied in a stratified analysis of patients including adults with relatively severe lung disease as demonstrated by FEV1% of less than 40 at study commencement, albeit that lung function was greater than 40 at their screening visits. This patient sub-group achieved similar benefits in the reduction in the frequency of acute exacerbations as in those with less severe lung pathology. 32 Use of lumacaftor-ivacaftor has also been reported in a young adult with end-stage lung disease. 33 Used in this scenario, lumacaftor-ivacaftor was associated with improvements including a decrease in inflammatory markers and a greater level of stability. This enabled "bridging" as part of the preparation in advance of successful lung transplantation. A group of 20 patients awaiting heart lung transplant in Switzerland have also been recently reported. 34 Lumacaftor-ivacaftor was introduced according to a step-wise protocol to overcome initial issues with tolerance and was associated with clinical improvements including stabilization of lung function and a decreased number of exacerbations compared with prior to treatment. There is limited experience of lumacaftor-ivacaftor in children with severe CF lung disease, but the drug has been made available for compassionate use in individuals with either a sustained, rapid decline in lung function or those with persistently reduced lung function to an FEV1% of less than 40 despite optimal use of currently available treatments. This has happened in countries where there has been limited access to this medication. Sustained recovery of lung function has been achieved when children have been treated with lumacaftor-ivacaftor in this scenario although these benefits have not been consistent across all patients. 35 Such differential responses might be due to differences in the pathophysiology of lung disease in CF adults versus some children in whom reduced lung function might be due in a greater part to small airways disease. It is possible that airways obstruction at this level DovePress is more reversible than extensive bronchiectasis through restoration of CFTR function. 36 
Side effects and drug interactions
Feelings of breathlessness and chest tightness are relatively common at the start of treatment and particularly in adults and those with more severe lung disease. Such problems can be overcome where there is concern by starting treatment at a lower dose. 37 Some adult centers initiate lumacaftor-ivacaftor in hospital with close monitoring for such initial effects. This has not been an issue for the majority of pediatric patients. Gastrointestinal side effects such as diarrhea, nausea and abdominal pain in addition to breathlessness have been reasons for discontinuation. In a real-world setting, 14% of patients discontinued medication within a year of starting treatment and in two-thirds of cases, this was reported as being due to adverse drug reactions. 38 Ivacaftor undergoes extensive liver metabolism through the cytochrome P450/CPY3A system and it has been suggested that liver injury could occur through toxic or immunogenic breakdown products. Lumacaftor is excreted largely unchanged in feces39
Elevations of alanine aminotransferase and aspartate aminotransferase liver enzymes have been reported in relation to lumacaftor-ivacaftor treatment, but most elevations are mild and transient. 19 It is difficult to determine the relevance of these changes because similar changes occur in CF patients not on treatment as a result of CFrelated liver dysfunction. Thus far there is no convincing evidence that lumacaftor-ivacaftor causes clinically significant liver injury, but it is recommended that liver function is checked 3-monthly for the first year of treatment and annually thereafter. Treatment should be interrupted if enzyme levels rise to greater than five times the upper limit of normal. Closer monitoring and dose reductions are recommended if the drug is used in patients with preexisting moderate or severe CF-related liver disease. Small elevations in blood pressure have been noted in clinical trials and so regular monitoring has been recommended whilst on treatment. 18, 19 Also, non-congenital lens opacities have been reported in children treated with drugs containing ivacaftor. Although these have not affected vision and their relevance is uncertain, ivacaftor-related cataracts were observed in newborn rats in pre-clinical studies and so baseline and follow-up ophthalmological examinations are recommended in pediatric patients. 40 Given ivacaftor's breakdown by CPY3A, concomitant use with strong inducers and inhibitors of this enzyme can affect the efficacy of lumacaftor-ivacaftor treatment through alterations in drug levels. Antifungal agents such as itraconazole, which are commonly used in CF patients, are strong CPY3A inhibitors and so lumacaftor-ivacaftor dosing schedules should be reduced when such drugs are used. Paradoxically, strong CPY3A inducers such as rifampicin and the herbal treatment St John's wort, will reduce the efficacy of lumacaftor-ivacaftor and should therefore be avoided.
Complicating drug interactions further, lumacaftor is itself a strong inducer of CYP3A and can therefore limit the efficacy of drugs that are cleared through this metabolic pathway. In particular, the efficacy of hormonal contraceptives is impaired and alternative methods of contraception should be used to avoid pregnancy when using this drug. The list of drug interactions is extensive and a comprehensive drug history including the use of complementary therapies needs to be taken before starting treatment.
Unexpected benefits
Quite apart from its effects as a CFTR modulator, lumacaftor-ivacaftor has also been reported as exhibiting unexpected synergistic activity against highly polymyxin-resistant P. aeruginosa CF isolates. 41 Such anti-microbial-resistant bacteria are an evolving problem in individuals with chronic lung infection. Whilst CFTR modulators are unlikely to eradicate these bacteria in patients with significant bronchiectasis, they might prove to be useful as part of anti-microbial treatment regimes to minimize their impact on disease progression.
The future
Whilst lumacaftor-ivacaftor has been a land mark treatment for CF, it will be succeeded by the next generation of CFTR modulators. Lumacaftor has already been substituted with tezacaftor in combination with ivacaftor in the drug Symdeko/Symkevi. This drug currently has approval for use in CF patients aged 12 years and older and studies are ongoing in younger age groups. Whilst this correctorpromoter drug combination is of similar efficacy to lumacaftor-ivacaftor, it appears to be better tolerated and has fewer problematic drug interactions. 42 The tezacaftor-ivacaftor drug combination is currently being used alongside additional candidate corrector molecules as part of novel triple therapies. Phase III trials have recently been completed and published Phase II data show far greater efficacy for this triple therapy. 42 Importantly, this combination of two correctors and a promoter is effective in patients heterozygous for p.Phe508del. The best mean FEV1% improvements in this dose-ranging study were 13.8% in those with p.Phe508del plus a second minimal function mutation and 11% in those who were homozygous. These improvements were in addition to tezacaftor-ivacaftor treatment at baseline and comparable to that achieved with ivacaftor used to treat gating mutations. Elexacaftortezacaftor-ivacaftor is the triple combination being taken forward for market approval.
More recently, the concept of theratyping has been developed whereby mutations are characterized according to their response to CFTR modulators using functional and biochemical modeling systems in-vitro. These include the use of cells from rectal biopsies to create organoid cell cultures to determine modulator drug efficacy to treat rarer genotypes. 43 
Conclusions
Lumacaftor-ivacaftor represents a significant advancement in treatment for CF patients homozygous for the p. Phe508del gene mutation. Its use has been associated with modest improvements in sweat chloride levels and lung function and the significant prevention of respiratory exacerbations. Its future use however is likely to be time limited by the availability of more effective combinations of CFTR modulators.
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